Light-induced states in He atoms were characterized using attosecond transient absorption spectroscopy. A 400 as pulse covering the 20-24 eV spectral range serves as the probe pulse, and the effect of a few-cycle near infrared pulse (12 fs, 780 nm) on the absorption spectrum is measured as a function of time delay and near-infrared intensities varying from (5.0 ± 2) Â 10 10 to (1 ± 0.4) Â 10 13 W/cm 2 . Light-induced states resulting from near-infrared coupling of 1s2p to 1s2s, 1s3d, and 1s3s states are observed. Absorption features that likely result from coupling of 1s3p to 1s4s, 1s4d, 1s5s, and 1s5d states are also observed. The light-induced states with the smallest detunings (1s3d and 1s3s) from the dressing frequency may shift to higher frequencies as the dressing intensity is increased.
Introduction
Advances in laser and optical technology allow isolated attosecond pulses with durations less than 100 as and with spectral bandwidths as large as 75 eV to be produced [1] . Incorporating isolated attosecond pulses into time-resolved measurement schemes offers exciting opportunities for elucidation of chemical dynamics with time resolutions comparable to one atomic unit of time ($24 as) [2] [3] [4] [5] [6] [7] . Recent work utilizes the broad bandwidth of isolated attosecond pulses for absorption spectroscopy measurements [8] [9] [10] [11] [12] . Attosecond time-resolved absorption spectroscopy experiments are especially applicable to monitoring dynamics occurring on a few fs time scale, including electronic wavepacket dynamics [8] and dynamics driven by a time dependent optical field [13, 14] .
Transient absorption spectroscopy, the technique of recording a transmitted spectrum of a laser pulse (probe pulse) as a function of delay time between the probe pulse and a second pulse (pump pulse), has been successful in measuring multi-femtosecond molecular dynamics for over two decades [15] . This technique is well suited to attosecond spectroscopy because isolated attosecond pulses necessarily have large bandwidths that allow spectral features over a broad range to be monitored. As examples, electronic coherence [8] , modification of optical properties of insulating materials [16] , and lifetimes of autoionizing states [9] can be measured with attosecond transient absorption spectroscopy.
Owing to the limited number of photons in isolated attosecond pulses, typical attosecond pump-probe measurements incorporate a strong near infrared (NIR) pulse (intensities of 10 12 W/cm 2 or higher) together with the attosecond pulse. The NIR laser pulse can induce dynamics [8] or probe reaction products [17] (via field or multiphoton ionization), when overlapped in time with the XUV attosecond pulse. The strong NIR field can also couple atomic and molecular excited states resulting in a modified ('laser-dressed') absorption spectrum. Autler-Townes splittings, electromagnetically induced transparency [18, 19] , and light-induced states [20] have been measured for atoms in strong optical fields by femtosecond and attosecond XUV pulses. This paper focuses on light-induced states (LISs) [20] , transient absorption features that occur when the attosecond and NIR pulses are overlapped in time and are not related to the field-free absorption spectra. These features are observed in the attosecond transient absorption spectra of laser-dressed helium and are experimentally manipulated as a function of NIR intensity on a few femtosecond timescale.
Most previous studies of laser dressed helium have utilized attosecond pulse trains. Laser dressed absorption has been used to control the ionization probability of helium by rescattering [21, 22] and interference [23, 24] *Corresponding authors. Email: srl@berkeley.edu; dneumark@berkeley.edu mechanisms. Theoretical studies of laser-dressed absorption of attosecond pulse trains also identified a Raman-like multiphoton absorption process [25] . In the case of isolated attosecond pulses, recent work has focused on sub-optical cycle features [13, 14] , and the Raman-like two-photon mechanism occurring in the absorption spectra [20] . The second-order transitions observed in the dressed absorption spectra of helium in the range of the 1s2p transition are explored here with a broader range of NIR intensities ((5 ± 2) Â 10 10 to (1 ± 0.4) Â 10 13 W/cm 2 ) than utilized in Chen et al. [20] . The larger range of NIR intensities provides the opportunity to experimentally investigate the intensity dependence of the LISs. The NIR dressing intensity has two effects on the LISs: (1) additional LISs appear as the dressing intensity increases, and (2) the energies of the LISs may shift as the dressing intensity increases. The LISs result from the NIR laser coupling of the 1s2p state to the 1s3s, 1s3d, and 1s2s states of He. Both intensity dependent effects are related to the coupling strength and the detuning of the laser from the transition energy. The transient feature resulting from the 1s2p→1s2s (1s2s LIS) coupling is observed for intensities above (1.5 ± 0.6) Â 10 11 , while the transient features resulting from 1s2p→1s3s (1s3s LIS) and 1s2p→1s3d (1s3d LIS) are seen at intensities above (7.5 ± 3) Â 10 10 . Above intensities of (5 ± 2) Â 10 12 W/cm 2 absorption features that possibly correspond to 1s4s, 1s4d, 1s5s and 1s5d LISs are observed. For intensities between (7.5 ± 3) Â 10 10 and (1.5 ± 0.6) Â 10 12 W/cm 2 , the 1s3s and 1s3d LIS may increase in energy as the NIR intensity is increased. The other absorption features are relatively stable.
Experimental methods

Attosecond pulse generation and transient absorption spectrometer
The spectrometer has been described previously [20] and is diagrammed in Figure 1 . Briefly, isolated attosecond pulses are generated via high harmonic generation (HHG) with double optical gating (DOG) [26, 27] in a cell filled with 2.7 hPa (2 Torr) krypton gas. The DOG optics are selected so that the HHG gate width is 1.8 fs, which means that in the present case only one isolated attosecond pulse will be generated when driving harmonic generation even though the driving pulse is not carrier-envelope phase-stabilized [28] . An f ¼ 25 cm Ru/Si multilayer mirror focuses the attosecond and NIR pulses into a 1 mm long absorption cell and an f ¼ 25 cm Mo/Si multilayer mirror directs the transmitted attosecond pulse onto an aberration corrected gold coated grating (1200 grooves/mm). An X-ray chargecoupled device (CCD) camera records the dispersed spectrum. The resulting spectral resolution is 100 meV.
An interferometer incorporating an actively stabilized piezo transducer delay stage controls the delay between the NIR and attosecond pulses. In the interferometer, an annular hole mirror separates the incoming beam into an inner circular portion to drive HHG and an outer ring that serves as the optical dressing field. A neutral density filter controls the intensity of the NIR field.
Spectral interferometry for direct reconstruction of the electric field (SPIDER) [29] measurements characterize the 12 fs long NIR pulse. The NIR pulses are longer than the 7 fs pulses that drive HHG because the spectral broadening from the hollow-core fiber used for few-cycle pulse generation is weaker near the edges of the beam. Photoelectron streaking [30] measurements and the frequency-resolved optical gating for complete reconstruction of attosecond bursts (FROG-CRAB) technique with the principal components generalized projection algorithm (PCGPA) [31] [32] [33] characterize the attosecond pulse.
DOG produces attosecond pulses with a measured duration of 145 ± 10 as when a 200 nm thick Al filter (band-pass of 18-72 eV) is used to remove the residual NIR field. A 200 nm thick Sn filter (band-pass of 15-24 eV) limits the XUV spectrum to energies just below the ionization potential of He and prevents second order diffraction of $40-50 eV photons from overlapping with first order diffraction of $20-25 eV photons on the CCD camera. The resulting attosecond pulse covers the spectral range of 20-24 eV and its duration is 380 ± 10 as, limited by the 24 eV high energy cutoff of the Sn filter. Material dispersion from Sn filters used to select the bandwidth of the attosecond pulse in conjunction with phase effects from the HHG process and the XUV multilayer mirror also contribute to the pulse duration.
The absorption target cell is a $1 mm diameter cylindrical tube. The attosecond and NIR beams pass though apertures laser-drilled by the femtosecond NIR HHG driver pulse prior to experiments. Gaussian beam propagation equations estimate the NIR beam diameter (twice the beam waist) at the cell walls to be $300 μm, placing an upper limit on the aperture diameter. Calibration of target gas densities uses the absorption continuum above the He ionization potential at 24.58 eV; this procedure is similar to the methods used by Loh et al. [34] to estimate target density of xenon in transient absorption measurements. Estimating the target pressure using absorption above the ionization continuum limits any effect that the relatively broad spectral resolution may have on estimating target density from much narrower absorption lines (for example, at room temperature the Doppler broadened bandwidth of the 1s2p resonance is on the order of 0.1 meV, while the experimental resolution is 100 meV). This calibration is performed using Xe as the HHG medium, since it has a harmonic cut-off low enough to prevent second order diffraction from
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overlapping first order diffraction on the CCD camera. An Al filter that, unlike the Sn filter, transmits photon energies above the ionization potential of the He is used to block the residual NIR light. The NIR laser intensity is estimated using the in situ streaking shift measured in photoelectron streaking measurements. The 1/e 2 width of the NIR beam is 90 ± 10 μm, measured by removing the absorption cell and inserting a CCD camera into the focus in the interaction region. Gaussian beam propagation estimates that the 1/e 2 width of the XUV beam at the focus is 15 ± 1 μm.
The absorption spectra in Section 3 use the transmitted spectra of the attosecond pulse (without any He gas in the absorption cell) as a reference. Negative pumpprobe delays correspond to cases where the attosecond pulse arrives at the target cell before the NIR pulse.
Experimental results
Static absorption spectra
The energy levels of atomic He accessible by one photon of the attosecond pulse are plotted in Figure 2 (a). The transmitted spectra of the attosecond pulse with and without the He target gas are plotted in Figure 2 (b) and the absolute optical density, ODðxÞ, is plotted in Figure 2 (c). The absolute optical density is given by:
where I i ðxÞ is the initial spectra recorded without He target gas, and I f ðxÞ is the transmitted spectrum with He target gas present. The target gas density is 1.6 ± 0.05 hPa. Peaks in the absorption spectrum corresponding to the 1s2p, 1s3p, and 1s4p transitions at 21.21, 23.09, and 23.74 eV [35] shown in Figure 2 (a) are visible in the OD plotted in Figure 2 (c).
Transient absorption spectra
The transient absorption spectra are given by:
where I t ðxÞ is the transmitted spectrum of the attosecond pulse recorded with He target gas and at pump-probe delay t. Figures 3 and 4 show transient absorption spectra plotted against pump-probe delay time for NIR intensities ranging from (5.0 ± 2) Â 10 10 W/cm 2 to (1 ± 0.4) Â 10 13 W/cm 2 . This range of intensities, over two orders of magnitude, is more extensive than previously studied [20] and allows the intensity dependence of transient features to be investigated. Spectra were recorded for 1.5 Â 10 5 laser pulses at each time delay step, with He target gas at a pressure of 1.6 ± 0.05 hPa.
The transient absorption spectrum recorded with the lowest NIR laser intensity, I 0 = (5.0 ± 2) Â 10 10 W/cm 2 , is plotted in Figure 3 (a). For positive pump-probe delays, the NIR pulse arrives at the target before the attosecond pulse and only features that directly correspond to the field-free absorption spectra in Figure 2 are visible. At zero pump-probe delay, the attosecond pulse and the NIR pulse are overlapped in time in the gas target, and a weak transient absorption feature is visible around 21.5 eV.
As the NIR intensity is increased, the transient features become more pronounced. Figures 3(b) -(c) show transient absorption spectra recorded at NIR intensities of 1.5I 0 and 3I 0 , respectively. In Figures 3(b) -(c), two transient features A and B that are not due to the field-free absorption spectra of He are visible near 21.25 eV and 21.5 eV, respectively. Feature B is well separated from the 1s2p absorption peak at 21.2 eV, while feature A begins to emerge as a shoulder on the 1s2p absorption peak. The centroid of each feature, as a function of pump-probe delay, has been superimposed on top of the two dimensional pump-probe experimental spectra in magenta to guide the eye. The absorption features shift in energy across the pump-probe delay scan, so defining a feature by a particular energy is difficult, but the centroids clearly identify the spectral features. As in Figure 3 (a), only absorption features corresponding to field-free absorption are visible at large positive pump-probe delays. For negative pump-probe delays (the attosecond XUV pulse arrives at the target before the NIR pulse), the spectra appear to be broadened and increase in intensity. There is also an asymmetry; the absorption features at negative pumpprobe delays appear stronger. As in Chen et al. [20] , the asymmetry is attributed to the increased broadening of the helium absorption lines by the NIR laser, appearing as increased absorption due to detector saturation at the transition frequencies. Figures 4(a)-(c) show the transient absorption spectra recorded with NIR intensities of 30I 0 , 100I 0 , and 200I 0 . In Figure 4 Figure 3 , the absorption spectra plotted in Figure 4 are asymmetric with respect to pump-probe delay; the absorption features are stronger for negative pump-probe delays.
Line spectra at zero fs delay are plotted in Figure 5 . In the line spectra measured with 1.5I 0 , 3I 0 , and 30I 0 (plotted in Figure 5 in teal, magenta, and green), the peaks A, B and the 1s2p peak shift in energy. Comparing the spectra measured with 1.5I 0 to 3I 0, the 1s2p absorption feature broadens and shifts lower in energy and shoulder A begins to separate from the 1s2p absorption peak as the intensity is increased. As the intensity increases from 3I 0 to 30I 0 , feature A and the lower energy component of 1s2p further split. Feature B slightly increases in energy as the intensity is increased from 1.5I 0 to 3I 0 and again as the intensity is increased from 3I 0 to 30I 0 . At intensities of 100I 0 and 200I 0 , no clear shifts in peak position are observed. The peak positions at zero fs delay are listed in Table 1 .
The origin of the new transient absorption features and the splitting of the 1s2p absorption feature at the overlap of the XUV attosecond pulse and the NIR pulse will be discussed in more detail in Section 4. Possible changes in the photon energies of the absorption features and the variations with intensity necessary to observe the features will be discussed.
Analysis and discussion
Near zero pump-probe delay, features in the absorption spectra that are not present in the field-free absorption spectra occur (for example, at 21.25 eV and 21.50 eV in Figure 5 ). Following the approach in Chen at al. [20] , the absorption features near zero femtoseconds pumpprobe delay are interpreted as light induced states (LISs) that are the intermediate step in Raman-like twophoton transitions from the ground state of He to 1sns and 1snd excited states of He. Similar multiphoton mechanisms are identified for dressed absorption of attosecond pulse trains [25] . The two-photon pathway is shown: 
The energies of the LIS are approximately:
Vertical lines plotted in Figure 5 correspond to the energies given by Equation (4). The energy of the 1s2s LIS (feature C at 21.95 eV) is offset from the value given by Equation (4) The experimental resolution (0.1 eV) combined with the NIR laser bandwidth (0.3 eV) prevents the 1s4s and 1s4d or the 1s5s and 1s5d LIS from being resolved. At intensities of 100I 0 and 200I 0 , the absorption spectra become increasingly complex near zero delay with broad absorption features possibly due to multiplet splitting of the LISs. Multiplet splitting of absorption features is predicted [11] and observed [19] for high-field dressed Positions of absorption features at zero pump-probe delay. The positions are taken as the value of the centroids plotted in Figures 3 and 4 at 0 fs.
absorption measurements of atomic xenon in the XUV spectral region. Due to the possibility of multiplet splitting and increasing complexity of the absorption spectra, the assignment of the 1s4s/d and 1s5s/d LISs is tentative. Equations (3)-(4) are convenient for identifying the new absorption features, but the equations do not directly identify which states of helium are interacting. Figure 7 compares the calculated positions of the 1s2s, 1s3d, and 1s3s LISs from Chen et al. [20] with the experimentally observed features C, B, and A as a function of field intensity. In the calculations, the single atom frequency dependent responses have been calculated using the methods detailed in [36] . For intensities up to 30I 0 , the positions of features A and B are reasonably correlated to the calculated positions of the 1s3s and 1s3d LISs. At higher intensities there is a discrepancy between features A and B and the calculated positions of the LISs. The inconsistency between the calculations and the current experimental results (in addition to similar behavior observed in [14] ) suggests future experimental studies. The exact cause of the discrepancy between the experimental and theoretical results in Figure 7 is unknown at this time. Due to experimental stability considerations, the NIR laser intensity is scanned in relatively large steps. The coarse steps may lose some of the subtlety of the theoretical calculations and account for some differences between the current results and [20] . Shifts in LIS positions may be more apparent with a finer intensity scan. Differences in the experimental and theoretical spectra are also expected due to intensity averaging over the interaction volume, pulse to pulse fluctuations in intensity and spectral phase, and macroscopic absorption effects in the experimental interaction volume. Future experiments with smaller interaction volumes and lower target densities may help mitigate some of these effects. With this in mind, the analysis will focus on why the energies of the 1s3s and 1s3d LIS may be sensitive to changes in the field intensity (at least for intensities between 1.5I 0 and 30I 0 ).
Further analysis of the positions of the LISs utilizes the dressed absorption perspective, where a manifold of states that correspond to the emission and absorption of successive NIR laser photons are coupled [37, 38] . When the energy difference between the field-free transition frequency and the dressing frequency ð hx 1s2p À hx NIR Þ 
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is large compared to the interaction between the coupled states, dressed absorption can be interpreted as twophoton transitions, similar to the Raman-like mechanism described previously [37] . This interpretation explicitly takes into account which field-free states are interacting without calculating the polarization field (as in prior XUV dressed absorption calculations [10, 11, 20, 36] ). The following model is less sophisticated than methods of Chen at al. [20] and Gaarde et al. [36] , where the timedependent Schrödinger equation for a quantum atom in a semi-classical electric field is solved. The non-perturbative calculations by Chen, Gaarde, and co-workers include effects that depend on the electric field at many degrees of nonlinearity. However, the model described here can provide insight into dressed absorption with a significantly smaller layout of computational resources. The second-order perturbation theory correction to the energy of a state (E n ) in an oscillating electric field is given by [37, 38] :
where E 0 ! is the electric field vector, d nm ! is the transition dipole between field-free states n and m with energies E n and E m , respectively. In the present case, the 1s2p state is coupled to the 1s3s, 1s3d, and 1s2s states via one-photon transitions, resulting in features A, B, and C and a shifted 1s2p absorption peak. Table 2 . These values correspond to the denominator and numerator terms in Equation (5) . Also listed in Table 2 are the E n for the LIS calculated from Equation (5) . For example, the detuning for the 1s3s LIS, (feature A), is smaller than the Rabi frequency, therefore the E n calculated from Equation (5) is larger than the converse case. The central energy of the NIR laser is $1.6 eV ($90 THz), and the bandwidth is $0.3 eV ($73 THz), so the 1s3s and 1s3d LISs are resonant or near-resonant with the laser frequency. Transition dipoles are taken from [39] . The field intensity used to calculate the parameters in Table 2 is 30I 0 , because 30I 0 is the largest intensity where a shift in energy is observed in experimental results. The shifts in Figure 7 calculated by Chen et al. [20] , however, increase at higher intensities.
From Table 2 , the detunings for the 1s3s and 1s3d LIS (features A and B) are considerably smaller than the detunings for the other LISs (features C, D, and E), therefore the 1s3s and 1s3d LIS are expected to appear at lower NIR field strengths. Direct comparison of the onset intensities between the n = 4 and 5 LIS and the n = 2 and 3 LIS may be complicated because the n = 4 and 5 LISs most likely result from coupling of the 1s3p state while the n = 2 and 3 LISs result from coupling of the 1s2p state. Equation (5) yields the largest energy corrections for the 1s3s and 1s3d LIS (features A and B). These are the states that are closest to resonance with the NIR coupling field, and the states that may increase in energy as the field intensity increases at field intensities up to 30I 0. Equation (5) overestimates the energy shifts, as compared to the results of Chen et al. [20] in Figure 7 , but both Chen et al. and Equation (5) predict the smallest shift for the 1s2s LIS. Equation (5) serves as a cursory gauge of relative tendency of LIS to shift in response to The transition dipoles are taken from [38] .The detunings, Rabi frequencies, and E n calculated from Equation (5) . Both frequency and energy units are given. The LISs that have the largest E n have the largest ratio of Rabi frequency to detuning. 1514 M.J. Bell et al.
field intensity. The coupling also results in the 1s2p absorption peak decreasing in energy as the field intensity increases; however, due to the multiple couplings of the 1s2p state (for example coupling to the 1s2s, 1s3s, and 1s3d states) the intensity dependence of the 1s2p state is not straightforward to interpret.
Conclusions
Attosecond transient absorption spectroscopy was employed to measure the intensity dependence of LISs in the absorption spectra of helium in the region of the 1s2p resonance at 21.21 eV. At intensities of (7.5 ± 3) Â 10 10 W/cm 2 LISs resulting from coupling of 1s2p to 1s3d and 1s3s states are observed, while the LIS resulting from the coupling of 1s2p to 1s2s state is visible at intensities of (1.5 ± 0.6) Â 10 11 W/cm 2 . Above intensities of (5 ± 2) Â 10 12 W/cm 2 new absorption features that likely correspond to 1s4s/d and 1s5s/d LISs are observed. At intensities of (1.5 ± 0.6) Â 10 11 W/cm 2 , the 1s3s and 1s3d LISs may increase in energy as the NIR intensity is increases. The possible shift in energy with NIR intensity is attributed to a small detuning, À62 THz or À26 THz (À0.26 or À0.11 eV), for the 1s2p→1s3d and 1s2p→1s3s transitions. These considerations will be useful for the preparation state specific samples in future measurements, as well as future attosecond pump-probe spectroscopy measurements, where the wavelength and intensities of the optical pulses can be selected so that specific atomic and molecular states are affected more strongly than others. For example in attosecond transient absorption measurements of autoionization lifetimes, the optical pulse can be selected to strongly couple an autoionization resonance to other nearby states, or the optical pulse can be selected to favor a multiphoton ionization process.
